The modelling of complex, dynamic and uncertain socio-environmental systems requires close collaboration between research disciplines and stakeholders at all levels. If models are representations of aspects of reality, how can we build models without inputs from people who interact with the system? This paper reflects on findings of case study research involving stakeholders in knowledge creation through conceptual and formal model building to support upland water catchment management. The uncertainty, multiple scales and conflicting understandings of stakeholders that are inherent in natural resource management necessitate a strong focus on participatory processes in integrated modelling. This leads to the recognition that problems and solutions should be identified by the stakeholders themselves, emphasizing the intersection and complementarity of lay and expert knowledge. Stakeholders in this context comprise varied groups such as land mangers (e.g. grouse moor managers and sheep farmers), water companies and water users, tourists, residents, policy-makers and researchers. Models are used at multiple stages to help formulate problems, create and compare conceptual understanding and explore implications. This requires that involvement of stakeholders should happen early in the problem formulation and research process to help answer the 'right' questions and provide 'relevant' outputs. This poses a number of interesting new challenges to the organisation of the research process. In contrast to traditional approaches of matching model components to expertise in the research team, modelling expertise must adapt to answer the questions and priorities that emerge from stakeholder engagement.
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Introduction
Increasingly sophisticated models are being used to represent highly complex environmental, economic and social systems. However, choosing which model to use often comes down to the experience, interests and expertise of the research team, rather than the characteristics of the problem or system to be modelled. Although the people who interact on a daily basis with this system may have very different views about what should be modelled and how, their views are rarely considered. The problem for the researcher with his or her pet model is that s/he wants to apply the model to the problem at hand rather than finding the appropriate model 1 . Modelling has primarily been used by natural scientists as a means of capturing and predicting aspects of these systems, usually within disciplinary boundaries (e.g. hydrology, soil or atmospheric models). Economists also have a fairly long tradition of modelling components of socio-ecological systems, especially human-environment interactions (Ciriacy-Wantrup, 1952 , Bergh and Straaten, 1997 , Clark, 1976 . Many of these economic models have been based on fairly stringent assumptions such as perfect information, optimal behaviour, and rational choice (Simon, 1955) . More recently, sophisticated social models such as agent-based models (ABMs) have begun being used in environmental disciplines to describe and predict the way people (or 'social agents' or 'stakeholders') are likely to behave in response to different stimuli given various decision-rules (Gilbert and Troitzsch, 1999, Janssen, 2002) . However, these models tend to treat the 'foreign systems' as given, exogenous or static (Matthews, 2006) . In order to better approximate feedbacks and more accurately represent the complexity of real-life systems, there is an urgent need to integrate models from various disciplines with attention to the dynamic nature of these systems. In this way it may be possible to predict how people may respond to environmental change, and how their responses in turn are likely to influence their environment. Accurately representing human behaviour requires inputs from the people who live in and interact with the systems (e.g. landscapes) one is trying to model. This involves deriving "rules of behaviour" from the actual experiences, opinions and perceptions of stakeholders.
Researchers are increasingly taking inputs from stakeholders, collaborating with them to build and integrate models in what is known as participatory modelling (also referred to as 'mediated modelling', see van den Belt, 2004) . This offers a number of advantages, as social agents are often intimately acquainted with a level of complexity and detail that is rarely represented in computational models. However, the appropriate inclusion of heterogeneous groups (e.g. with varying levels of formal education) that are typical of environmental stakeholders creates challenges for participatory modelling techniques. There is a need to develop methods to adequately select a representative range of stakeholders, codify and structure their various complementary or sometimes conflicting knowledges, and communicate model outputs in a form that is easy for them to understand and interact with.
In this paper, we review the role of modelling human-environment interactions and discuss how models can be effectively integrated, whilst being informed and guided by the inputs and feedback of relevant stakeholders. We illustrate this discussion with a case study where this is being done for a series of upland catchments in the UK. Since the project team is about half-way through this process we describe and reflect on our experiences in participatory model building through these first 2 years and relate them to discussions in the literature.
The role of modelling in environmental studies
The scientific tradition of generalisation is long established in environmental studies, but the approach has changed out of all recognition since the advent of high-speed computers. All models are selective and seek to simplify the complexity of the real world in different ways. Here the modeller continues to face a real dilemma: the continued success of 'traditional' models has shown that models need contain little or no relation to physical reality. In contrast, the (recent) development of 'theoretical' models, which possess some physical basis, allows the real possibility of application over a wide range of conditions and locations, as well as aiding our understanding of natural processes and systems (Anderson and Burt, 1985) . Indeed, the development of physically based models has become so dominant in hydrology that in many cases the choice of model determines the problem to be solved, not vice versa. Dooge (1981) discussed issues relating to choosing and fitting a model to the problem; our approach requires a return to this earlier phase of hydrological modelling, whereby the very scope and range of the system to be modelled, let alone the choice of a particular model, is determined by the problem to be solved, which in turn is decided through consultation with the stakeholders and thus often outside the 'formal model building'.
Once we know what the problem is, we can then select a class and type of model (see Figure 1 ). This is not meant to belittle the achievements of theoretical modelling studies over recent years; simply that the approach here takes a different starting point, in many ways a more risky approach, by delaying model selection until the problem has been defined. Put another way, it could be seen as reemphasising inductive science, that is generating ideas on the basis of observations, rather than deductive science, testing theoretical models (Burt, 2003) . Source: After Dooge, 1981, and Anderson and Burt, 1985. Thus from a modelling perspective, the argument for stakeholder-driven modelling would be that "the problem" and "the purpose" of the modelling work should take into account stakeholders' needs, perceptions of how the system works and what the problem is. The importance of participatory modeling, especially in water management, derives from the awareness of the inadequacy of traditional, engineering approaches to dealing with 'complex and ill-structured problems' (Giordano et al., 2007) . It has become increasingly obvious that traditional problem solving and modelling approaches, based on optimization and 'factual knowledge', have to be combined with stakeholder-based policy design and implementation (Giordano et al., 2007 , Funtowicz et al., 1998 , Funtowicz and Ravetz, 1994 , Funtowicz and Ravetz, 1990 .
Participatory modelling does have a relatively long history. Since the 1960s a decision making process referred to as adaptive management has been evolving to address the twin challenges of learning and management in complex systems and has been applied to problems of human-ecology interactions (Holling, 1978 , Walters, 1986 , Gunderson and Holling, 1995 , Gunderson and Holling, 2002 , Walker et al., 2002 , Sendzimir et al., 2007 , Magnuszewski et al., 2005 . Many processes similar to adaptive management have been developed in parallel over the past several decades including scenario planning (van der Heijden, 1996) , participatory learning and action (Pretty et al., 1995) , and soft systems methodology (Checkland, 1981, Checkland and Scholes, 1999) have been tested and applied in the emerging fields of Integrated Assessment (van de Kerkhof, 2001 , Pahl-Wostl, 2002 , Integrated Water Resources Management (Pahl-Wostl, 2007 ) and increasingly to facilitate group learning in businesses (Sterman, 2000 , Sterman, 2002 .
A number of these adaptive management studies have focused on improving methods for working with stakeholders (Slocum et al., 1995) such as using modelling techniques for developing conceptual understanding of complex situations (Craig et al., 2002) . One of the most promising avenues currently being pursued is to link modelling and stakeholder group exercises as parallel and interactive windows on stakeholder thought processes that are key to group decisions. Bousquet et al. (2002) and Dunajski et al. (2006) are two examples of this trend to integrate modelling (conceptual and/or formal) with role playing games. Stakeholders or representative actors are involved in these role playing games or simulation exercises to help model actors behaviour, test their potential responses or verify model components (Duke and Geurts, 2004) .
Our own participatory modelling efforts have been guided by these attempts especially with regards to modelling stakeholders' behaviour in response to changes in their socio-economic or biophysical environment, then modelling manifestations or responses of their behaviour in the biophysical world through changes in chosen indicators, and finally the stakeholders' responses to the new environment they have influenced. All of these components in interaction with a strong bio-physical component are developed with inputs from stakeholders, thus building on these recent trends in the literature. We are engaged in an ongoing research project on the UK uplands that involves understanding and modelling the uncertainties surrounding current and future land management practices in six upland catchments in the Peak District National Park and other upland areas in the UK.
Case study context
The Dark Peak area of the Peak District National Park (PDNP) was chosen for its diversity of land use activities (for conservation, farming, tourism, water supply and game/fishing), and the range of social, economic, political and environmental pressures it faces. The PDNP was the first National Park to be established in England & Wales, in 1951 . With an estimated 22 million recreational visitor days annually, the PDNP is Britain's most visited National Park (National Parks Portal, 2004) . It is situated at the southern end of the Pennine upland range, between three large cities. The Dark Peak is an upland area characterised by extensive moorland surrounded by enclosed farmland and intersected by deep narrow valleys. Soils are predominantly blanket peat (overlaying a Carboniferous Millstone Grit series), supporting predominantly dwarf shrub heath and blanket bog plant communities. Both habitats are internationally important, being recognised as key biodiversity habitats (UK Biodiversity Steering Group, 1995) , containing a number of Sites of Special Scientific Interest (English Nature, 2003) , and listed in the EU Habitats Directive as requiring special conservation measures. Britain contains 10-15% of global blanket bogs and a similarly high proportion of dwarf shrub heath (Holden et al., 2007b , Tallis et al., 1998 . They support nationally important breeding populations of moorland birds, including internationally important populations of several species listed in the European Commission Birds Directive as requiring special conservation measures (EN, no date). The PDNP contains a number of villages and towns and a population of 38,000 (2001 census). Reservoirs in the PDNP supply 450 million litres of water a day to the conurbations that surround it (Peak District National Park, 2001) . PDNP residents are more reliant on agriculture, game birds, and tourism than the national average (2001 census). Most moorland is privately owned and managed for a combination of grouse and sheep production. Under the current Rural Development Regulation (EC Reg. 1257/99 and EC Directive 75/276) 93% of the Park are designated as a Less Favoured Area. This designation for 'underdeveloped' rural areas entitles livestock farmers to subsidies that can help maintain economically viable farming on land that has low returns; the Park contains also Environmentally Sensitive Areas that provide payments to land managers to maintain landscape, wildlife or historical values.
The Peak District is, in some ways, typical of upland regions in Europe which tend to be economically marginal, environmentally sensitive and subject to many often conflicting types of land use (Holden et al., 2007b) . Competing demands of conservation, water supply, recreation and tourism, agriculture and game management have led to a conflict of interests between many upland stakeholders. English Nature (English Nature, 2003) has classed a high proportion of Sites of Special Scientific Interest as being in unfavourable condition predominantly due to a combination of overgrazing and "inappropriate" burning. Such burning is carried out to create a mosaic of heather stands to maximise grouse populations (Holden et al., 2007a) . These factors (compounded by historic atmospheric pollutant deposition) have also been blamed for increased erosion, with consequent effects on water quality (Tucker, 2003) . Grazing levels have declined significantly (mainly as a result of Environmentally Sensitive Area agreements), but rotational burning continues to be practiced widely (Dougill et al., 2006) .
A range of EU and international policy changes are influencing rural policy in UK uplands, with uncertain socio-economic and environmental implications. The most important with regards to the hydrology of the region is the EU's Water Framework Directive, which requires all inland and coastal waters to be in "good status" by 2015. The biggest challenge for UK compliance will be the process of catchment management itself, but more specifically, the reduction of diffuse pollution linked to land management (Mitchell, 2005) . Another problem, specifically of importance to water companies is water colouration as potable water is subject to legal water colour limits. The water colour problem has increased in UK uplands over the past few decades and there appear to be multiple drivers of this change (Worrall and Burt, 2005) . Such drivers may include proximate local factors such as moorland drainage (Holden, 2005) , regional factors such as changes to atmospheric deposition chemistry (Evans et al., 2006) and underlying factors such as increase in traffic or change in land management due to changes in funding regimes.
Finding the nail: stakeholder involvement in model development
Existing mono-disciplinary models are a poor starting point for understanding and predicting change in complex and dynamic systems such as UK uplands. Top-down, expert-led modelling approaches risk producing outputs that have little relevance to the kinds of issues being experienced by stakeholders on the ground. By taking a more bottom-up approach to model development that involves stakeholders from the outset, it may be possible to identify and prioritise the problems that need to be solved first, and use this to determine the scope and choice of models to apply. Thus, sticking with our metaphor, we need to find the nail, and determine whether in fact it is a nail, before we even start thinking about hammers.
Identifying Stakeholders and Issues
Stakeholder involvement in model development needs to be founded on a rigorous and sensitive approach to stakeholder identification and selection. Many resource management exercises refer casually to stakeholders as if their existence and identity were self-evident. In practice, stakeholders are both selfidentified and construed as such by others. Different stakeholders may have widely divergent perceptions about who holds a valid stake in the focal issue, and these perceptions may be influenced by existing conflicts and hidden agendas. Some stakeholders are associated with formal organisational roles and interests, others are not. In addition to these challenges, there is a dialectic between problem definition and stakeholder identification. If the issues are defined without consulting stakeholders, then the issues may not be relevant to their needs and priorities; and yet, the issue must be defined before it is possible to identify those who hold a stake in it. To complicate matters further, many stakeholders might not be interested in participating due to time constraints, or lack of interest or understanding about how the issues under discussion relate to their daily lives (for a discussion of such problems see e.g. Renn et al., 1995 , Smith, 2003 . The issue then becomes of which stakeholders to include in such a process .
In response to these challenges, stakeholder analysis has gained increasing attention and is now integral to many participatory natural resource management initiatives (Mushove and Vogel, 2005) . However, there are a number of important limitations to current methods for stakeholder analysis. For example, stakeholders are usually identified and categorized through a subjective assessment of their relative power, influence and legitimacy (Mitchell et al., 1997 , Frooman, 1999 . Stakeholder selection methods have often overlooked the role communication networks can play in categorising and understanding stakeholder relationships. We tackled these problems through an iterative process of stakeholder analysis in focus groups, combined with semi-structured interviews, follow-up phone interviews with original focus group participants and social network analysis.
We started by conducting a focus group with members of a stakeholder organization we previously knew, and two key stakeholder organizations that they had identified. To avoid bias arising from initial group composition, focus group data were triangulated through semi-structured interviews with eight stakeholders identified during the focus group to represent different land management perspectives. The aim of the focus group and subsequent interviews was to evaluate and adapt the proposed aims of the project in order to ensure it was focusing on relevant issues and identify and categorize stakeholders. These led to the suggestion that the project should focus more strongly on a single issue in order to achieve its aims within the time available. There was near unanimous agreement that heather burning was the most pressing land management issue due to the Government's ongoing and highly contentious review of the Heather and Grass Burning Code (Dougill et al., 2006 .
The focus group and interviews also identified over 200 relevant stakeholder organizations, so it was necessary to develop some sort of selection or sampling strategy. Given the need for small sample sizes for in-depth qualitative interviews and focus groups, achieving fair representation can be a major challenge. If sampling is deemed to be unrepresentative, then the legitimacy of research outputs may be undermined. However, by developing distinct categories, stakeholder analysis was used to stratify the sample, so that random or snowball sampling was used within each stakeholder category, ensuring all the major groups were represented. To do this, stakeholders were initially categorized during the focus group, and information was elicited about the most effective way to gain the support and involvement of these stakeholders. Successive interviews resulted in the addition and sub-division of stakeholder categories. The eight stakeholder group categories that emerged from this process were water companies; recreational groups; agriculture; conservationists; grouse moor interests (consisting of owners/managers and game keepers); tourism-related enterprises; foresters; and statutory bodies. These categories were then used to guide our 'snowball' sample: one or two individuals from each stakeholder category were interviewed; these led to further interviews until both names and land management issues began to repeat. A total of 22 interviews representing all categories were thus conducted. These interviews were used to deepen our knowledge of the current needs and aspirations of those who work, live and play in the Park (Dougill et al., 2006 .
In some 80 further interviews, stakeholders were asked about their relationship with other stakeholders in the park. These interviews were the basis for a social network analysis (SNA) which revealed the various roles individuals played and identified the more peripheral stakeholders (Prell, 2003 , Prell et al., 2007a . These groups were then targeted for inclusion into the research process to reduce bias, strengthen the legitimacy of the sample group, and to include a variety of relevant knowledges to the research process.
In addition to this, SNA provided the option of selecting individuals who are either different or similar to each other. Similar individuals are typically better able to communicate tacit, complex information, as there tends to be higher mutual understanding between them (Mark, 2003 , Ruef et al., 2004a , Skvoretz et al., 2004 , Friedkin, 1998 , Ruef et al., 2004b , Cross and Parker, 2004 . On the other hand, in order to elicit a wider range of views, it may be appropriate to select individuals who are very different to each other (Newman and Dale, 2007, Crona and Bodin, 2006) . In our research, stakeholders wanted focus groups to be composed of individuals who did not know each other well in order to enhance learning between participants, and it was possible to do this using outputs from the SNA (Prell et al., 2007a) .
Developing and Refining a Cognitive Map of the System
Once stakeholders have been selected for involvement in model development, the next step is to capture, codify, integrate and represent stakeholder perceptions of system structure and function, and integrate this with the knowledge of researchers as expressed in peer-reviewed literature. To do this, semi-structured interview transcripts were analysed using a grounded theory approach that uses key words to code text in order to generate cognitive maps or flow charts (Glaser and Strauss, 1967, Corbin and Strauss, 1990) . These findings were combined with information from a literature review (Holden et al., 2007b) to develop a cognitive map from which future scenarios and likely outcomes for the study area were derived. A working group of ten researchers further refined this cognitive map in workshops, using the initial phases of the system dynamics approach to allow for group learning ( (Dougill et al., 2006 . This is in line with similar approaches linking more formal modelling and stakeholder group exercises (see section 2). Figure 2 shows part of the cognitive map that was developed, focussing on drivers affecting concentrations of dissolved organic carbon (DOC) from upland catchments, referred to as 'water colour' in the figure. As this cognitive map is extremely complex, researchers identified key scenarios within the map and presented them as storylines to stakeholders at a multi-stakeholder focus group. These were used to stimulate a discussion designed to refine the cognitive map further (Dougill et al., 2006) .
Although the influence of drivers such as climate change, grazing and burning on DOC are discussed at length in the literature (Holden et al., 2007a , Holden et al., 2007b , Worrall and Burt, 2005 , there is currently little or no acknowledgement of links to drivers such as cultural and demographic change, recreational pressure, agricultural markets or Common Agricultural Policy reform. By incorporating stakeholder perceptions of the interactive effects of drivers, Figure 2 provides a more complex, holistic and interdisciplinary representation of factors influencing DOC levels in UK uplands. For example, it considers the changing role of forestry, the factors leading to scrub development, and suggests a variety of factors that may influence levels of managed and accidental fires and grazing. These factors of course interact so that a decrease in cooler managed burns may lead to increased of wildfire as the heather cover becomes more woody and shrub-like and will burn at much hotter temperatures in uncontrolled conditions. Both managed burning and accidental fires have been linked to elevated DOC levels (Holden et al., 2007b) , but there are a variety of factors that may either increase or decrease the area of managed and accidental fires, including: changes in burning regulations; increased adoption of managed burning strategies; cultural change leading to a ban on hunting wild birds; and, a reluctance to close moorland at risk from accidental fire due to increased recreational pressure despite a tendency to drier summers.
Fig. 2. Cognitive map
The conceptual map in Figure 2 helped visualize the important relationships amongst variables spanning a range of disciplines that are not usually connected due to disciplinary boundaries or disciplinary blind spots, and the scientists' own conceptual map of how the system works. This map helped to identify which connections are not well researched or understood -such as whether heather burning influences water colour and DOC -because of a lack of field data. Other processes are easier to model as data are more readily available, such as how grazing densities impact vegetation cover and erosion. Thus the conceptual map helps to prioritize further research steps. One of the challenges in this case was to ensure both that stakeholder concepts were taken account of, and that scientific concepts were adequately merged into the cognitive map.
The conceptual map, derived from stakeholder interviews and inputs from 'experts', represented a wide variety of stakeholder knowledge and perceptions. As such, no single stakeholder or sub-set of respondents could legitimately check how the knowledge of the whole group had been represented in the model. However, by using Grounded Theory Analysis to analyze interview transcripts, it was possible for the cognitive map to emerge from the drivers of change and relationships between system components discussed by stakeholders (Dougill et al., 2006) . This integration of knowledges from stakeholders and researchers is a form of cross-validation. In general, these knowledge sources corroborated each other, providing more depth and detail than either approach could have provided alone. A number of discrepancies between these knowledge sources were discussed during a focus group with stakeholders.
The resulting model became highly complex, and as such was very difficult to communicate effectively to stakeholders; Figure 2 is just one segment of the overall cognitive map (Dougill et al., 2006 ). Thus we ran into a number of communication problems during this meeting as the models were deemed to simplistic by some of the stakeholders whereas other had difficulty to communicate on this rather abstract level. We found that existing techniques used in participatory modeling are of little help in accessing knowledge held by groups with little formal education, and who may not be as 'literate', vocal or outspoken (Kolb, 1984) . In addition to this, the use of powerpoint projection, interacting with software and the usual paraphernalia associated with focus groups might have intimidated some stakeholders to whom all this is alien.
One response to these problems may be to illustrate more complex story-lines or scenarios with a Geographical Information System (Sharma et al., 2006) and photographs that have been digitally manipulated (Tress and Tress, 2003) to show landscapes before and after each scenario. However, this approach, like many visualization techniques, poses the risk of visual bias. Issues that can easily be represented visually (e.g. land cover change) may receive more attention from focus group participants than less easily visualized aspects (such as cultural or demographic change). Alternatively, such exercises may simply capture visual preferences as participants often just respond to the landscape they prefer rather than the issues being discussed (Pedersen and Persson Waye, 2004) . To address this concern, we are currently investigating the use of short films, moving away from the exclusive use of landscapes, and using visual metaphors to communicate issues that are hard to visualize in any other way.
4.3The right hammer for the job? From cognitive map to integrated computational model
Once the relevant issues and stakeholders have been identified, and their knowledge has been codified and integrated with research insights in the cognitive map, it is possible to commence turning this essentially qualitative information into a quantitative computational model (step three below). This participatory approach should develop models that can help address issues pertinent to stakeholders, and provide outputs that will justify their investment in the process. By effectively communicating model outputs, as discussed above, it may even be possible for stakeholders to help interpret model outputs and refine model development in collaboration with researchers. Such feedback may provide a rapid and highly constructive form of model validation .
Development of an integrated computational model that captures the essence of the cognitive map is still underway in this project. It has required modellers from very different disciplinary backgrounds to learn how to work together, and work out how their models can be meaningfully integrated. Hence, the following sections remain primarily descriptive and conceptual in nature, but reflect a long process of academic debate and engagement.
Developing an Integrated Computational Model
To develop an integrated model, we plan to host a series of focus groups and follow-up interviews to develop a series of management options that are then to be formally modelled using the cognitive map as the basis for understanding how various forces interact. Moving the cognitive map to a working dynamic model of upland regions involves extensive hydrological and ecological research, as well as socioeconomic modelling. Although a complex task, once complete, we hope to be able to test the likely outcome of various policy decisions or management plans. Results of the model will then be presented back to the stakeholders in a further series of focus groups to allow them an opportunity to modify management plans and strategies in light of the model outputs. The rest of this section describes the various model components and discuss possible ways of integrating these models.
The conceptual maps developed in collaboration with the stakeholders have served as a framework for the development of the integrated model. For this we have to step back from the complexity of the cognitive map and identify the subsystems, drivers and potential models that can be used to link human behaviour to biophysical effects, which in turn influence land managers in their decisions (Figure 3) . The integrated model has three major sub-models: the agent-based model (ABM), the soils and hydrological and carbon model (PESERA) and the biodiversity model. The ABM mainly deals with farmers' decision making processes given data on (1) economic conditions (for example, price of sheep, subsidies, and the income from providing grouse for shooting); (2) natural conditions; and (3) institutional constraints. The biophysical model (PESERA) provides data for the natural constraints but also for the biophysical responses to the farmers' land management choices. The inputs of PESERA are from the farming strategies generated by the ABM and the outcomes of the biodiversity model. The biodiversity model examines the dynamics of sheep and grouse populations, which will be fed back into the ABM based on some notion of calculated accrued income and some measure of changes in biomass, erosion and other indicators deemed to be important for the land manager's decision making (Jin et al., 2007) .
Modelling human behaviour -Agent-based modelling
There is a paucity of social science data for the construction of decision rules for ABM (Parker et al., 2003) . While the use of integrated modelling for investigating human-environmental systems is growing, there is some recognition of underlying data problems for both biophysical as well as social science models with a special focus on the latter (Matthews, 2006) . Of special interest for us is the problem of how to model the behaviour of the land managers (the agents) in integrated socio-ecological systems. Some studies have used household survey data to parameterise their agents and to form the basis for decision rules (Manson, 2005 . This study uses the first level of participation in ABM identified by Parker et al. (2003) where stakeholders are involved in all stages of research: from model development through to model validation. The scenarios developed from the cognitive map form the basis of a detailed questionnaire developed to elicit the decision-rules for the ABM. Respondents who are land owners, agents for large land owners, tenant farmers and grouse moor managers have been contacted to take part in the questionnaire for the ABM. Each scenario is presented to the respondents and they are asked how they would change their management strategies in relation to grouse and/or sheep farming under each scenario. They are also asked to rate how confident they are that the changes in management they identify truly reflect the choices they would make under those scenarios. These so-called choice experiments had originally been developed in environmental economics as an extension or variant of contingent valuation. The choice experiment employs a series of questions with several alternatives that are designed to elicit responses that allow the estimation of preferences over attributes of an environmental state (Adamowicz et al., 1998) .
There is a trade-off between capturing all the data we would like and constructing choice-experiments that can run in the time available. This requires careful prioritization and selection of scenarios to be addressed in the choice experiments. In order to reduce the potential for this to introduce bias, the scenarios were based on the cognitive map, which in turn was derived from interviews with stakeholders. As a consequence, the results of the choice experiments should in theory reflect stakeholder priorities rather than researcher's biases.
Modelling biophysical systems -soils, hydrology and ecosystems
At the core of the biophysical model is an existing hydrological model (PESERA) which will be adapted to better fit its project-specific purpose, i.e. hopefully the stakeholders' needs. This model is being used to predict runoff and erosion across Europe and has been developed and improved over the last 15 years (Kirkby & Neale 1987 , de Ploey et al. 1991 , Kirkby and Cox 1995 , Schofield and Kirkby 2003 . It provides a core bio-physical platform into which additional elements can be built to tailor it to project needs. PESERA has an explicit basis in physical hydrology, with validation across Europe at a 1km grid resolution for sediment yields. It can, however, be adapted to application at a variety of scales. For the purposes of this project we will parameterise it for 50m resolution. The use of PESERA as the model platform enables us to ensure that information is available in a spatially-explicit way with topography, soil types, rainfall data and other relevant factors incorporated. This should enable us to show how one activity in one part of the catchment will have a different impact/risk associated than the same management in another part of the catchment. This will allow the development of distributed decisionmaking in a move away from simple blanket policies.
PESERA will be extended to predict the transport of solutes through the catchment as well as the transport of solid material. Specifically the model will estimate non-point-source losses of nitrogen, phosphorus and carbon, both in solution and adsorbed to sediment. The combined model will provide information on rates of runoff and water quality, linked to explicit vegetation growth and/or crop models. It provides an explicit link between future land use and possible changes in eutrophication and sedimentation in reservoirs, degradation of peat moorland, and changes in water production.
Due to the importance of uplands as Britain's largest carbon store (Cannell et al., 1993, Milne and Brown, 1997) , and it being frequently referred to in stakeholder meetings, another new extension of the PESERA model is a carbon budget model (Worrall et al., 2003 ). The resulting model should allow us to assess important management options including grazing intensity and heather burning.
To reflect the uplands' importance for biodiversity and the strong dominance of conservation stakeholders, the final model is also extended to include a biodiversity component. Much of the biodiversity interest in uplands rests in the conservation of healthy, diverse biotic communities across broad ranges of species that are not individually of high conservation priority. To assess these biodiversity values, we are developing models in which the area and connectivity of land cover categories are used to project overall future diversity patterns of sets of habitat-restricted species. In order to do this we need to translate land managers behavior into changes in land use, which is interacting with abiotic conditions (such as altitude, slope, aspect, soils, hydrology), and is then translated into land cover changes over time. This aspect of the model allows modeling the impacts of land cover change on biotic communities and species of conservation interest.
The agent-based model will provide data on human responses to socio-economic and political drivers, and that this will provide inputs to the physical model. At the same time, physical environmental change will influence decision-making and the physical models will therefore provide inputs to the agent-based model. Hence the modelling becomes truly integrated.
Challenges of model integration and participation

Reflection on Model integration
Initially the main models are built separately and tested against real data and by checking whether the outputs of the model fit expert knowledge. Once all three models are tested and validated, we integrate them into a single modelling framework. The sub-models exchange information within the framework of the integrated system.
Each of the models has its own inherent model logic with specific assumptions and type and format of data it can process. For example, PESERA has been designed to provide hydrological and erosion data on a 50m grid cell but farmers think in terms of their fields, topographical features, soil types experienced through different growth rates of plants and height of heather rather than kilograms of biomass, the measurement unit PESERA 'understands'.
With regards to space, the system boundaries are legal boundaries in the case of the behavior of the farmer; but are less stringent and less clearly defined in the case of the various biophysical models which allow for inflows and outflows from and to the respective sub and supra-systems. Therefore, we have to account for emerging properties in both the biophysical models and the ABM. For example, a field with various vegetation features will have different impacts on biodiversity or water quality dependent on the location and proximity of these features to each other. This can then lead to a multitude of behavioral responses of the farmer dependent on subjective perception of these features.
Another important category is time. Farmers usually change land use at a yearly time scale, orienting their decision on seasonal stages, whereas PESERA runs on daily basis. How to reset data from ABM to fit PESERA was a concern. ABM creates the farming strategies to describe land use by seasons. In order to exchange data between ABM and PESERA, an ABM farming strategy has to be translated into daily activities (even if constant) for PESERA. Another aspect of time is that farmers might change their responses over time due to new information, learning from others and influences from their social system. This is something that is very difficult to elicit from questionnaires as the get increasingly complex and increasingly test the patience of the respondents.
These different qualities and measurements need to be translated between the different models and the questionnaires trying to illicit categories and responses from farmers. For the modeler it is important to recognize that the land managers make decisions according to soil types and slopes and rougher approximations rather than precise, crisp numbers and categories. In order to deal with these differences in language we conducted qualitative interviews with farmers and experts to elicit meaningful categories (i.e. decisions rules farmers might use, parameters they might observe) some of which could be in qualitative terms. From the model side we looked at the parameters and inputs the model could understand and tried to match them iteratively with the more qualitative decision parameters of the agents -i.e. through pilot questionnaires and meetings between the modelers and farming experts. Some elements got lost in translation -and we might not even know which at this point. Thus we plan to evaluate these categories with the farmers.
Challenges for participation
Especially for biophysical modellers used to describing and modelling the environmental system through deductive science, the participatory approach has been both refreshing and frustrating. Partly, this was because the biophysical modelling could not progress until the issues emerged from the participatory process. For example, there are hundreds of potential water quality parameters that could be modelled, each of which would require different datasets to be modelled effectively. For natural scientists to begin a project without knowing what would be modelled was an unfamiliar experience.
Despite this focus on formal model building it is important to point out the importance of non-formal more qualitative approaches and aspects of the participatory research process such as trust, appreciation and empowerment. The involved participants/stakeholders are not just input to 'our research' but also have lives and commitments outside the research project. This is an important constraint to realize as participants often invest heavily in terms of their time commitment and expect certain outcomes from the project. Thus the number and length of questionnaires pose an important restriction to the modelling process as outlined in this paper when trying to avoid participants' fatigue.
Despite stakeholders participation in model building the model to some extent always remains a black box as the nooks and crannies, assumptions and shortcomings are only known to the modeller. Land managers who have developed a good understanding of their actions and consequences in daily land management are asked to believe that the model represents their 'stylized actions' -which requires a considerable amount of trust on the part of stakeholders.
The outcomes of the process/models might not be the ones the participants had anticipated or hoped for. There is often a strategic element in why different stakeholders would want to engage such as to gain access to policy processes or having a careful eye on what is going on in addition to a genuine interest to learning and gaining insights into the working of their surrounding. Thus recognition of the underlying power dynamics and potential pitfalls are a precondition for a successful process.
Such a process might take a long time especially if one works with stakeholders. A related problem is a potential mismatch of the time necessary to build the models and the policy process one plans to inform (or simply beyond the patience of people involved). Stakeholder participation is likely to lead to new and very different types of questions and thus might aggravate the time issue (van Daalen and Bots, 2007) . We have started the process with initial interviews about 2 years ago and stakeholder need quite some patients to keep committing time to an output they might not agree with, not entirely understand and that might not change anything anyway. Stakeholder buy-in is not only required from people on the ground but also those that can influence change. People are not interested in participating in yet another 'talk shop' if there is not a worthwhile outcome in the end. Thus there might be a mismatch of what the process needs to be in order to be most beneficial for the stakeholders and what the researchers would like to get out of the project.
But the process itself and the associated learning has been identified as a goal worth pursuing. Stakeholders learn about each other and about their social and physical environment simply by participating in these processes -so goes the theory. This would require some level of continuity of participation which is difficult to achieve. Often larger organizations are represented through different individuals with little knowledge of what has happened before or just very different personalities or opinions than their predecessor or other parts of the same organization.
This variety of personality and people which is clearly the most important strength of participatory modelling is also its largest weakness. Participants' capacity to process information might be different from each other which requires a representation of outputs that are easy to understand by non-experts and as not to exclude anybody early on. People also respond very differently to the outputs of the model. Outputs are usually numbers which need to be translated in indicators of relevance to the stakeholdersusually again expressed in numbers. But people respond differently to different information. Aesthetic values and other more qualitative information is lost or needs to be explicitly added through various complementary tools in which the modelling process is embedded and the ways in which outputs are communicated. The formal part of the exercise addresses the cognitive processes rather than emotive sides of decision making but emotions play a very important role especially when conflicts are involved.
Despite these calls for caution with regards to enthusiasm in participatory model building this is enthusiasm is well founded. Arguments in favour are its ability to enhance the relevance and legitimacy of the models for decision-making, this aspect refers especially to normative motives (e.g. democratic ideals and people's right to participate in environmental decision-making; Barber, 1984; Elster, 1998) . Pragmatic arguments for public participation in model development are enhancing the quality of decisions that are made, by incorporating local knowledge with other knowledge sources (Webler et al., 1995; OECD, 2001) . There are also a series of arguments around the efficiency of participatory decision-making processes with regards to the availability of better information but also in terms of attainable durable solutions more likely to be accepted by stakeholders (Forester, 1999 , Smith, 2003 . In other words, decisions informed by outputs of models that have been developed through collaboration with representative stakeholders are less likely to be contested than those based on the outputs of "black box" models. Another strong support of bottom-up model building has come from the recognition of the uncertainty, multiple scales and conflicting understandings of stakeholders that are inherent in natural resource management. This has lead to a recognition that problems and solutions should be identified by the stakeholders themselves, emphasizing the intersection and complementarity of lay and expert knowledge. Thus the involvement of stakeholders should happen early in the problem formulation and research process to help answer the 'right' questions and provide 'relevant' outputs based on the appropriate tools or models. This poses a number of interesting new challenges to the organisation of the research process leading to higher levels of uncertainties for the researchers and the funding agencies. A considerable amount of trust is required from the funding agency to devote money to financing a process with not clearly defined outcomes and flexibility to allow for modifications of design and ultimately the composition of the project team to provide the expertise the problem requires.
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